ABSTRACT In this paper, a simple self-homodyne detection scheme is proposed and experimentally demonstrated for applications in optical access networks. Unmodulated pilot subframes are periodically inserted and interleaved with data subframes to form an orthogonal frequency-division multiplexing (OFDM) signal. Owing to the coherence between the embedded pilot and data subframes, a Mach-Zehnder delay interferometer with a free spectral range equal to the frequency of the subframe is deployed for the self-homodyne detection of the OFDM signal. It saves the local oscillator and optical hybrid, which are usually used in a conventional coherent receiver, thus reducing the hardware complexity and implementation cost. Meanwhile, the digital signal processing (DSP) for the self-homodyne detection is free from carrierfrequency-offset compensation and carrier-phase estimation, reducing the complexity, power consumption, and latency of the system. It also allows the use of a low-cost laser source as the source for the downstream signal. The proposed scheme provides a cost-effective and energy-efficient downstream solution for optical access networks, owing to the hardware saving and complexity reduction in DSP. A 10-Gb/s OFDM downstream transmission over a 20-km standard single-mode fiber is experimentally demonstrated with an error-free operation, using both a 10-MHz distributed feedback laser and a 100-kHz external cavity laser as downstream laser sources.
I. INTRODUCTION
Recently, with the explosive multimedia-driven growth of Internet traffic, coherent detection technologies [1] , [2] have been extensively investigated, to address the ever growing bandwidth demands from core networks to the edge and access networks. With the deployment of digital coherent detection in passive optical networks (PONs), coherent PONs can effectively improve the receiver sensitivity, which increases the network reach and splitting ratio to support high system capacities for ultra-dense wavelength-division multiplexing (WDM) applications [3] - [5] . So far, coherent PONs have been experimentally demonstrated using either intradyne or self-homodyne coherent detection for downstream signals. However, intradyne detection requires a tunable local oscillator (LO), as well as carrier-frequency-offset (CFO) compensation and complicated carrier-phase estimation at the digital signal processing (DSP), increasing the implementation cost and complexity. Alternatively, self-homodyne detection has been proposed for optical network units (ONUs) for downstream detection by introducing an unmodulated pilot tone through polarization multiplexing [6] , [7] or mode multiplexing [8] in WDM-PONs or mode-division multiplexing PONs (MDM-PONs), respectively, or by periodically inserting unmodulated carrier symbols [9] in the downstream of optical orthogonal frequency-division multiplexing PONs (OFDM-PONs). The pilot tone carried in the polarization or mode and the carrier symbol carried in the time domain serve as phase references for self-homodyne detection in the ONU, which saves LO and eliminates the implementation of CFO compensation and carrier-phase estimation in DSP [6] - [8] .
To simplify the implementation and reduce the cost further, we propose a cost-effective self-homodyne downstream scheme for WDM-PONs. In contrast to the conventional OFDM frame, unmodulated pilot subframes are periodically inserted and interleaved with the spliced OFDM data subframes to form the downstream signal at the optical line terminal (OLT). Instead of using a conventional coherent receiver, which usually consists of an optical hybrid, an LO, and a couple of balanced photodetectors (BPDs), a single Mach-Zehnder delay interferometer (MZDI) and a followed BPD are used for single-polarization self-homodyne detection at the ONU. This effectively simplifies the implementation and reduces the cost. Owing to the coherence between the embedded pilot and data subframes, the proposed scheme relaxes the linewidth requirement for the laser at the OLT, and allows the use of low-cost lasers as downstream laser sources. Moreover, as aforementioned, the DSP is simplified, since the estimation and compensation of CFO and common-phaseerror (CPE) are not required in the self-homodyne detection of OFDM. Owing to the savings in terms of both hardware and DSP, the proposed self-homodyne system provides a cost-effective and energy-efficient downstream scheme for WDM-PONs. Using the proposed self-homodyne scheme, we experimentally demonstrate a 10-Gb/s self-homodyne OFDM downstream system over a 20-km standard singlemode fiber (SSMF) with a <0.3 dB power penalty, which is defined with the respect to the back-to-back sensitivity at a bit-error rate (BER) of 1 × 10 −3 . The experimental results show that nearly identical performances are obtained when using a low-cost distributed feedback (DFB) laser with a 10-MHz linewidth and a 100-kHz external-cavity laser (ECL) as laser sources at the OLT, implying the tolerance of the scheme to laser linewidth. Figure 1 illustrates the frame structure of our proposed selfhomodyne OFDM signal. To form the optical OFDM frame for the proposed self-homodyne system, the original OFDM frame is first sliced into subframes with a duration of τ , which is much smaller than the whole frame period, and interleaved with unmodulated pilot subframes that have the same period [10] , [11] , as shown in Fig. 1 . Since unmodulated subframes are inserted periodically in the OFDM frame, in order to prevent errors when passing through RF circuits with capacitive coupling or transformers, it is important to produce DC-free RF driving signals when synthesizing the proposed optical OFDM frame. Therefore, the embedded unmodulated pilot subframes are encoded as (1 + i) and (−1 − i), alternately, which ensures that the DC-offset of the driving signal is close to zero. Meanwhile, since the applied alternate phase modulations have a π phase difference between adjacent pilot subframes, no additional decoding is required after the self-homodyne detection. Assuming the duration of the subframe, τ , to be shorter than the coherent time of the laser source, the coherence between successive data and pilot subframes is preserved, which enables self-homodyne detection. At the receiver side (ONU), a self-homodyne detector that consists of one MZDI and one BPD is used for detection. The MZDI has a path difference of τ , which is equal to the subframe duration, and a 45 • relative phase difference between its two arms. As illustrated in Fig. 2 , the incoming self-homodyne OFDM data frame consists of the sliced data subframe (D1, D2 . . . ) and the interleaved unmodulated pilot subframes. The signal in the upper arm experiences one subframe relative delay and 45 • relative phase shift with respect to that in the lower arm. As an example shown in Fig. 2 , taking the phase of unmodulated pilot subframes as reference, the sliced data subframes (D1) in the first two successive subframe slots, experiences different relative phase shift, i.e. −45 • and +45 • , respectively. This results in the orthogonal phase difference with respect to the pilot subframe at these two successive subframes at the output of MZDI, corresponding to the I and Q components of D1, i.e. I 1 and Q1, after the interference. Through the self-homodyne detection by a single BPD, the detected orthogonal components of the OFDM signal, with a separation of τ , are interleaved and packed together. In the following DSP, the I and Q components of the OFDM frame D are recovered after de-interleaving and data stitching. Therefore, instead of separately detecting the orthogonal components (I and Q) in the conventional coherent receiver using optical hybrids and two BPDs, it is sufficient to adopt one set of MZDI and BPD to demodulate the single-polarization OFDM data. To ensure stable operation in the self-homodyne detection, it is suggested to use an athermal free-space Michelson interferometer [12] as an alternative to the MZDI in practical applications, especially in PONs, since no temperature control or stabilization is required. Note that the same duration of the data and pilot subframes is chosen here to allow the deployment of a MZDI to further simplify the self-homodyne detection at the receiver side. Since the data and pilot subframes are carried by the light from a common laser source, in contrast to the DSP used for the conventional OFDM, it is not necessary to include the estimation and compensation of CFO and CPE in the DSP. This can effectively simplify the DSP, thus reducing the complexity, power consumption, and latency of the system. Moreover, owing to the common phase noise cancellation in the self-homodyne detection based on MZDI, low-cost large-linewidth laser sources can be used at the OLT for the downstream signal. Because of the savings in hardware and DSP, the proposed scheme is suitable for cost-sensitive applications such as optical access networks. On the other hand, since the DSP is simplified by excluding the estimation and compensation of CFO and CPE, it also has potential applications in inter or intra connections in data centers because of its low latency. Compared with the conventional OFDM, by periodically inserting pilot subframes, the complexity and cost of the proposed self-homodyne system are effectively reduced at the expense of spectral efficiency. However, the scheme still holds other features of the conventional OFDM such as resilience to dispersion. The proposed self-homodyne scheme is also applicable to both singlecarrier multilevel modulation formats [11] , such as 16 quadrature amplitude modulation (16QAM) and 64QAM, and multi-carrier OFDM signals with subcarriers modulated in high-order QAMs. Figure 4 illustrates the proof-of-concept experimental setup of the proposed self-homodyne system for a WDM-PON downstream. At the OLT, a continuous wave (CW) from a DFB or ECL laser emitting at 1550 nm serves as the laser source for the downstream signal, which is then fed to an optical in-phase/quadrature (IQ) modulator, which is driven by the data from an arbitrary waveform generator (AWG) operating at 10 GSamples/s. The produced optical OFDM frame consists of 200 OFDM symbols. For each symbol, 160 subcarriers are used for bearing data. In contrast to the conventional OFDM, no pilot subcarriers are inserted for phase estimation. A 256-point inverse fast Fourier transform (IFFT) is performed to transform the subcarriers to a complex time-domain signal. After that, a cyclic prefix (CP) is added. The preamble in each frame includes a pseudorandom sequence for synchronization and eight symbols for channel estimation. To construct the self-homodyne optical OFDM signal, the OFDM data frame is sliced into ''subframes'' with a period of 100 ps, and interleaved with pilot subframes, which are encoded at +45 • and −45 • , alternately. The data and pilot subframes have the same period, i.e., 100 ps. At the ONU side, the received OFDM signal is fed to a self-homodyne receiver consisting of an MZDI and a BPD. The free spectral range (FSR) of the MZDI is 10 GHz. After the digitization using a real-time oscilloscope operating at 50 GSamples/s, the frame synchronization and CP removal are performed. The received payload is then transferred to the frequency domain by FFT for channel equalization. Note that the estimation and compensation of CFO and CPE are not included in the DSP.
II. OPERATION PRINCIPLE

III. EXPERIMENT AND RESULTS
Unlike the ''noise-like'' time-domain waveforms of the conventional OFDM signals, the embedded pilot subframes have constant amplitudes. To investigate the influence of the amplitude levels of the embedded pilot subframes on the system performance, the amplitude levels of the pilot subframes are adjusted. Here, we define a subframe power ratio (SFPR) as a ratio of the power of the pilot subframes to the average power of the data subframes. Any reductions in PAPR are normally illustrated using a PAPR complementary cumulative distribution function (CCDF), which is defined as the probability that the PAPR of an OFDM frame exceeds a given reference value and is the most frequently used measure for describing PAPR reduction [13] . In order to investigate the impact of SFPR on the PAPR reduction of the selfhomodyne OFDM, PAPR CCDF curves for the proposed self-homodyne OFDM signals with different SFPRs and the conventional OFDM signals without inserting pilot sub- frames are calculated and shown in Fig. 5 . Since the average power is enlarged with the increase of pilot subframe's power, it is clear that the increase of SFPR leads to the PAPR reduction. Compared with the conventional OFDM signals without inserted pilot subframes, a self-homodyne OFDM with a SFPR of >1 shows a lower PAPR. Around 4 dB reduction in PAPR is observed for the proposed self-homodyne OFDM with a SFPR of 4.8 compared with the conventional OFDM at a CCDF of 10 −3 . To further investigate the influence of SFPR on the system performance, the corresponding error vector magnitudes (EVMs) are measured while tuning the SFPR from 0.2 to 6.8. As shown in Fig. 6 , low EVMs can be obtained when the SFPR varies from 1 to 2.3. However, too much power of pilot subframes in the formed self-homodyne OFDM frame may degrade the signal-to-noise ratio of the embedded data subframes when the synthesized signal passes through the electrical drivers and optical amplifiers, resulting in the increase of EVMs when SFPR is larger than 3. Therefore, in the following experiment, the SFPR is set as 2. The corresponding constellations with different SFPRs are shown in Fig. 6 .
To evaluate the system performance, the BERs of the selfhomodyne system are measured, and are shown in Fig. 7 with respect to the received optical power, measured just before the MZDI at the receiver side. The back-to-back and 20-km transmission performances are evaluated by measuring the BERs using laser sources with linewidths of 100 kHz (ECL) and 10 MHz (DFB), respectively. The results show that almost identical results are obtained with different laser linewidths, indicating that the self-homodyne system has tolerance against the linewidth of the laser source. This enables the use of cost-effective lasers at the OLT for the downstream signal, thus reducing the implementation cost of PON. With respect to the back-to-back BER, a power penalty of less than 0.3 dB is obtained at a BER of 1 × 10 −3 after 20-km transmission at the ONU. The constellations of self-homodyne OFDM at BERs of approximately 1 × 10 −3 are also shown in Fig. 7 for different laser sources. The results verify the feasibility of the proposed scheme. Note that improved receiver sensitivity can be expected by using a preamplifier, highsensitivity avalanche photodiode, or forward error correction coding.
IV. CONCLUSION
We proposed and experimentally demonstrated a costeffective and energy-efficient OFDM downstream scheme for WDM-PONs using a simple self-homodyne system. In contrast to the conventional OFDM coding, unmodulated pilot subframes were periodically embedded into the downstream data, and interleaved with the OFDM data. At the receiver side, a simple self-homodyne detector consisting of an MZDI and a BPD was deployed to perform self-homodyne detection, without using the optical 90 • hybrid or LO, reducing the hardware complexity. Since the embedded pilot subframes and the data subframes originated from the same laser source, it freed the DSP from the estimation and compensation of CFO and CPE, simplifying the DSP implementation at ONU. Besides, the proposed scheme exhibited tolerance against laser linewidth, enabling the use of cost-effective laser sources at the OLT and providing a cost-effective solution for access networks. A 10-Gb/s OFDM self-homodyne downstream transmission over a 20-km SSMF was experimentally demonstrated with an error-free operation. Similar performances were observed when both a 10-MHz DFB and a 100-kHz ECL were deployed as laser sources for the downstream data, implying a phase-noise-tolerant scheme. He has authored or co-authored over 280 technical papers in refereed international journals and conferences, two book chapters, and one edited book. His research interests include optical transmission systems, access networks, and optical performance monitoring. He is a Senior Member of the OSA.
